and 6.7 years. In the context of a loss-of-function MKRN3 mutation and a positive family history, these features established the diagnosis of CPP and supported the initiation of treatment with a gonadotropin-releasing hormone analog. The absence of significant bone age advancement, pubic or axillary hair, or behavioral or social problems could be ascribed to the early diagnosis. Conclusion: The identification of carriers of MKRN3 mutations may contribute to early diagnosis of CPP, facilitating treatment decisions and guiding genetic counseling and prompt intervention in familial cases.
. Its estimated incidence is 1: 5,000-1: 10,000 in American girls [2] . If untreated, it may result in short stature and psychosocial maladjustment. Additionally, an early age of menarche has been associated with adverse health outcomes later in life, such as increased risk of cardiovascular morbidity and mortality and cancer [1] . Despite compelling evidence -provided by population-based studies -of genetic influences on pubertal timing, only rare genetic defects (gain-of-function mutations in KISS1 and KISS1R ) had been reported in association with CPP until recently [3, 4] . However, in 2013, Abreu et al. [5] provided a significant advance in this field through the identification of loss-of-function mutations in MKRN3 -an imprinted gene located in the PraderWilli syndrome critical region (chromosome 15q11-13) -in about one third of patients with familial CPP. In 2014, in a multicenter study, we identified five novel MKRN3 mutations in patients with CPP but without an apparent family history of CPP [6] . Since then, several additional deleterious MKRN3 mutations have been described in boys and girls with CPP from different ethnic backgrounds [7] [8] [9] [10] [11] [12] [13] . Segregation analysis indicated exclusive paternal transmission and autosomal dominant inheritance in MKRN3 -mutated patients [5, 6] . With one exception, all reported individuals carrying MKRN3 mutations were postpubertal [5] [6] [7] [8] [9] [10] [11] [12] [13] . Herein, we describe the case of a girl carrying an MKRN3 mutation detected prior to the onset of puberty. Her careful follow-up enabled an early diagnosis and treatment of CPP. In addition, these data deepen the available information on the penetrance of MKRN3 mutations and on the clinical characteristics of the precocious puberty onset and progression resulting from these mutations. This knowledge can be helpful for the management of prepubertal children carrying mutations in this gene.
Case Report
We present the case of the youngest reported carrier of an MKRN3 mutation, who was first described by Macedo et al. [6] in 2014. At the time of that report, the girl was 4 years old and prepubertal, and she was evaluated because her older sister had been diagnosed with CPP at the age of 6 years and carried the p.Pro161Argfs * 16 mutation in MKRN3 . She was found to harbor the same mutation, which was inherited from their asymptomatic father ( fig. 1 a, b) . Of note, information on pubertal development in other relatives was not available.
Due to the presence of the mutation, she was followed closely at the Hospital of the Ribeirão Preto Medical School, University of São Paulo, Brazil. Her parents were informed of the risk for the development of CPP and were told to seek medical assistance if any pubertal changes were detected during the 4-month intervals between scheduled visits. The patient gave her consent, and her parents signed an informed consent to participate in this study, which was approved by our institutional ethics committee.
At her first appointment, at age 5.7 years, her history did not reveal any other risk factors for CPP, and her physical examination was normal ( table 1 ) with height within the familial range (target height: 160.5 cm) and Tanner stage 1 breast development and pubic hair. Despite the unremarkable exam, bone age (left hand and wrist radiography) and hormone levels [luteinizing hormone (LH), follicle-stimulating hormone (FSH), and estradiol] were ordered to assess pubertal development in this unprecedented situation. LH and FSH (Siemens Immulite 2000) and estradiol (DPC Immulite 2000) were measured by immunochemiluminescence (ICMA). Analytical sensitivity was 0.1 mIU/ml, 0.2 mIU/ml, and 8 pg/ml, respectively.
Four months later (at age 6.0 years), she presented with an estimated growth velocity of 9 cm/year (above the normal range for her age), but without other signs of puberty. Her bone age was not advanced (between 5 years 9 months and 6 years 10 months) according to the Greulich-Pyle atlas, and her gonadotropin levels were prepubertal (LH 0.1 mIU/ml and FSH 1.3 mIU/ml), although estradiol was within the pubertal range (49.7 pg/ml).
Another 4 months later (age 6.3 years), she had an estimated growth velocity of 7.5 cm/year, but she remained at Tanner stage 1. Her basal gonadotropin levels began to rise (LH 0.4 mIU/ml and FSH 5.9 mIU/ml) with pubertal estradiol (41.3 pg/ml).
Notably, 4 months later, at the age of 6.7 years, she presented with a height of 124 cm (above the familial range; fig. 1 c) , with a growth velocity of 12 cm/year, and Tanner stage 3 for breast development ( fig. 1 d) and stage 1 for pubic hair. According to the mother, her thelarche had begun 2 months prior to that current visit. Her bone age was between 6 years 10 months and 7 years 10 months, and her basal hormone levels were clearly within the pubertal range: LH 0.9 mIU/ml, FSH 3.3 mIU/ml, and estradiol 54.1 pg/ml. Magnetic resonance imaging (MRI) of the central nervous system did not reveal any abnormality. At this time point, the unequivocal diagnosis of familial CPP was confirmed in the setting of accelerated growth velocity, progressive breast development, increased basal LH, pubertal estradiol, and a family history of CPP in the context of a loss-of-function MKRN3 mutation. Therapy was initiated with a gonadotropin-releasing hormone (GnRH) analog (leuprolide acetate 3.75 mg every 4 weeks). After a few months on GnRH analog therapy, she presented complete involution of the breast development (Tanner 1). Normal prepubertal reference values: LH <0.3 mIU/ml; estradiol <20 pg/ml. ΔBone age = Difference between bone age and chronological age; n.a. = not available; B = breast; PH = pubic hair; n.d. = not done. 
Central Precocious Puberty and MKRN3 Mutation

Discussion
The identification of loss-of-function mutations in the imprinted gene MKRN3 in patients with familial or apparently sporadic CPP was a significant contribution to the understanding of the genetic regulation of puberty. MKRN3 , encoding makorin ring finger protein 3, is proposed to have an inhibitory effect on GnRH secretion. It belongs to a family of E3 ubiquitin ligases, but its mechanisms of action are not yet known [5] . The recent findings suggest that MKRN3 may be an important element of the inhibitory tonus during the quiescent period of childhood and that its downregulation may lead to the reemergence of GnRH pulses [5, 6] .
Several distinct MKRN3 mutations have been described in patients with CPP from various ethnic backgrounds [5] [6] [7] [8] [9] [10] [11] [12] [13] . They represent the most common genetic defects known to be associated with CPP. All clinically affected individuals inherited the mutation from their fathers, which is in accordance with the fact that this gene is expressed only by the paternal allele (maternal imprinting).
We present the first description of a carrier of an MKRN3 mutation (inherited from the father) who was identified before the development of pubertal signs. The 4-year-old girl was screened because her sister had developed CPP at the age of 6 years and was found to carry the MKRN3 p.Pro161Argfs * 16 mutation. At that time, the risk for this patient to develop CPP was not known. Indeed, no such situation had been reported, and the discovery of MKRN3 mutations as a cause of CPP was very recent [5, 6] . Subsequent to these first reports and based on additional reports, it appeared that the penetrance of MKRN3 mutations was likely to be complete if paternally inherited. For these reasons, we decided to follow this asymptomatic girl closely.
All patients with MKRN3 mutations present with characteristics typical of early hypothalamic-pituitarygonadal axis activation, such as thelarche before the age of 8 years in girls and testicular enlargement before the age of 9 years in boys, accelerated growth velocity, advanced bone age, and elevated LH, FSH, and estradiol or testosterone. Although both genders are affected, the median age of pubertal onset is 6.0 years (3.0-7.5) in girls and 8.25 years (5.9-9.0) in boys [5] [6] [7] [8] [9] [10] [11] [12] [13] . In addition, no abnormalities in the central nervous system and no major signs of Prader-Willi syndrome -despite the location of MKRN3 on chromosome 15 -have been detected in any case, including the present patient [5] [6] [7] [8] [9] [10] [11] [12] [13] . Therefore, there are no clinical or biochemical features that distinguish CPP associated with MKRN3 mutations from CPP with wild-type MKRN3 [6] .
The first clinical sign of CPP in this young carrier of an MKRN3 mutation was increased growth velocity. Although estradiol levels were in the pubertal range since the initial laboratory evaluation, a slight increase in the basal LH level (0.4 mIU/ml) was only observed 4 months later and clear clinical signs of puberty 8 months later. The inconsistency of estradiol levels seen in this case may be due to the available assay's limitations; nevertheless, in girls, estradiol levels are not used for the diagnosis of CPP [2] due to the overlap between prepubertal and pubertal individuals, especially in assays other than liquid chromatography tandem-mass spectrometry [2, 14] . In spite of the rise in basal LH level, indicating the beginning of pubertal maturation of the reproductive axis, without the need for a GnRH stimulation test [15] , we elected not to start treatment at this time, given the absence of clear clinical signs of CPP. Clinical thelarche appeared between the ages of 6.3 and 6.7 years. Once started, rapid breast development, from Tanner stage 1 to 3 within 4 months, was noted. Together, these features established the diagnosis of CPP and supported the initiation of treatment with a GnRH analog. The need of MRI in this case was questionable, since the girl was older than 6 years and had a genetic cause for CPP [16] . However, the exam was performed to ensure that there were no other confounders for the development of this disorder.
It is worth noting that the parents did not report any behavioral changes. We believe that the absence of significant bone age advancement, of pubic or axillary hair, or of behavioral or social problems, commonly seen in patients with CPP, can be ascribed to the early diagnosis in this case.
Precocious puberty is one of the most common conditions seen in pediatric endocrinology practice. If not diagnosed and treated properly and in a timely manner, CPP may result in adverse outcomes later in life, including impairment of final height and increased risk of hyperandrogenism and infertility in adult life [17] . In addition, CPP may predispose to social and behavioral problems during adolescence and in adult life [18] . Therefore, the identification of MKRN3 mutation carriers can contribute to an early diagnosis of familial CPP, facilitating treatment decisions and guiding genetic counseling and prompt intervention. This approach would be particularly beneficial for boys, in whom the first pubertal signs are subtle and the diagnosis is frequently delayed. It has been suggested that targeted sequencing of MKRN3 should be introduced into clinical practice to identify the etiology of CPP in familial cases and should also be con-
